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Antiarrhythmic drugs may either decrease or increase
the likelihood of ventricular fibrillation. Although reli-
able data suggest reasonable mechanisms for the anti-
arrhythmic action of several drugs, much less infor-
mation is available to indicate the mechanisms by which
drugs are arrhythmogenic. Antiarrhythmic action may
result from suppression of precipitating events such as
inappropriately timed premature impulses or runs of
excessively rapid impulses and from modification of the
Nature of Ventricular Fibrillation
A consideration of the manner in which antiarrhythmic
drugs can modify the likelihood of ventricular fibrillation
should probably be based on the nature of fibrillation and
the way or ways in which it is initiated. Fibrillation is a
state of fractionated, disorganized contraction that is usually
associated with a typical electrocardiographic waveform.
The abnormal patterns of electrical and mechanical activity
result from disorganization of the sequence of activation of
the ventricles. During fibrillation multiple, apparently in-
dependent impulses spread simultaneously along what seem
to be randomly oriented paths. The direction of spread of
an impulse at any instant, as well as the speed of propa-
gation, seems to be determined by the degree of refracto-
riness, or the degree of reduction in responsiveness, of tis-
sues in advance of the wave front. The direction and speed
of propagation vary with time because the spatial distri-
bution of differences in responsiveness is not constant. If a
wave front is blocked in one area but not in others, the
tissues in the area of block may recover full responsiveness,
whereas adjacent, excited areas will return to a fully re-
fractory state. This will either permit the local wave front
to tum back into the fully recovered tissues or present a
changed path for the propagation of a subsequent impulse.
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conditions predisposing to random reentry. Increases in
the likelihood of fibrillation may result from opposite
effects on precipitating events or from drug-induced in-
crease in the likelihood of random reentry. One factor
that very likely is involved in the latter is the presence
of local differences in the electrical activity of myocardial
cells that cause significant local differences in the tonic
and use-dependent actions of antiarrhythmic drugs.
(J Am Coil CardioI1986;8:104A-109A)
In addition, electrotonic interactions between excited and
unexcited areas will modify the responsiveness of each.
Several two-dimensional models (l,2) and data from ex-
periments on large mammalian hearts (3-5) have provided
data indicating that this view is generally correct.
That this is the nature of fibrillation is also supported by
transmembrane potentials recorded at different sites during
ventricular fibrillation in the isolated, supported heart (Fig.
1). The records show a pattern of rapid irregular action
potentials that vary in amplitude, duration and degree of
prematurity. A similar pattern of activation can be deduced
from close bipolar electrograms recorded at the onset of
fibrillation (6). Clearly, when fibrillation is initiated by spe-
cial means, such as hyperkalemia, or when the global isch-
emia caused by fibrillation has altered the electrophysiologic
properties of the myocardium, the pattern of electrical ac-
tivity is different (6). Nevertheless, for the early stage of
fibrillation, in most instances the general description pro-
vided here is adequate.
Initiating Mechanisms
In terms of this general scheme for fibrillation, one can
attempt to evaluate ways in which the usual orderly sequence
of ventricular activation becomes disorganized and look for
mechanisms that are common to most cases. Such mecha-
nisms, separately or in combination, might be influenced
by antiarrhythmic drug action.
There have been many studies of this problem, but it is
still difficult to judge which sets of data are generally rel-
evant. If fibrillation is initiated in a normal heart by bipolar
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electrical stimulation during the vulnerable period, electro-
grams recorded from the site of stimulation show a typical
pattern (Cranefield PF, Hoffman BF. Unpublished obser-
vations). The first few repetitive impulses spread away from
the stimulus site but then the activation sequence changes
and impulses approach from remote sites. It can be assumed
that near the stimulus site the anodal current speeded local
repolarization and created local differences in the duration
of refractoriness. These differences, in tum, modified the
direction and speed of impulse propagation. When fibril-
lation results from acute ischemia (7) the initial ectopic
impulses may originate in Purkinje tissue on the border of
the ischemic zone. In these fibers, automatic impulse gen-
eration is induced by current flow between the Purkinje
fibers and the ischemic zone. This current is generated when
a sinus impulse propagates into part of the ischemic zone
so slowly that its plateau outlasts the action potential of the
Purkinje fibers. The premature impulses generated by the
Purkinje fibers then undergo differing degrees of block in
the ischemic zone and establish multiple wave fronts that
result in fibrillation.
In the presence of an evolving infarct (8) a premature
impulse can undergo local block at the margin of the infarct,
circulate around the damaged area, enter it at some point
and propagate back to the initial site of block. Here it can
reexcite the remainder of the ventricles and establish a tachy-
cardia due to circus movement. Degeneration of the tachy-
cardia into fibrillation seems to result from fragmentation
of the reentrant impulse in the ischemic zone (9).
Initiating factors. In these and many other examples,
two factors seem to be essential. There is a need for local
differences in duration of refractoriness or rate of recovery
of responsiveness and a need for an inciting event. The
importance of the dispersion of refractoriness is generally
accepted (10). Indeed, when fibrillation is associated with
either acute ischemia or infarction, differencs in electro-
physiologic properties of normal tissues and those damaged
by ischemia have been demonstrated repeatedly (11,12).
Although these differences in local properties may not be
marked during normal sinus rhythm, they can be greatly
enhanced by tachycardia or premature impulses (13). There
is less agreement about the cause of the inciting event, but
premature or rapidly recurring impulses are generally pres-
ent. These may result, as described elsewhere (14), from
normal or abnormal automaticity, triggering by afterdepo-
larizations or reentry due to circus movement or reflection.
Role and Action of Antiarrhythmic Drugs
Ifone accepts as a most common mechanism for initiation
of fibrillation a combination of localized, and perhaps ac-
tivity-induced, differences in responsiveness and rate of re-
covery of responsiveness and an inciting event that can be
a premature impulse or a group of rapidly recurring im-
pulses, it is possible to make some evaluation of the ways
that antiarrhythmic drugs might either decrease or increase
the likelihood of fibrillation.
Mechanism of action. An estimate of how antiarrhyth-
mic drugs might act to decrease the likelihood of ventricular
fibrillation is complicated because the mechanisms for in-
citing events can vary, the conditions in the myocardium
do vary and the drugs have multiple actions. Some aspects
of this problem have been considered elsewhere (15). Early
during infarction caused by left anterior descending coro-
nary artery ligation in the dog, the action potentials of the
subendocardial Purkinje fibers are greatly prolonged (11),
and thus premature impulses can undergo local block and
initiate reentrant excitation. Under these conditions a drug
such as bretylium, that prolonged only the normal action
potentials, might decrease the likelihood of a sustained reen-
trant tachycardia (16). In contrast, in the subepicardial tis-
sues that survive over infarcts in the dog heart, the action
potentials are abnormally short (17). As a result of local
automatic or triggered activity these fibers might generate
action potentials unable to propagate into surrounding nor-
mal myocardium. In this case a desirable drug action would
increase the duration of the abnormally short action poten-
tials more than the duration of the normal action potentials.
Many similar uncertainties can be identified. In spite of this,
some general conclusions about antiarrhythmic action seem
reasonable.
Effect on normal automatic impulse generation. First,
it is probably useful to suppress inciting events such as
premature impulses and rapid rhythms. Both can be auto-
matic or triggered, and in the former case the mechanism
can be normal or abnormal automaticity (18). Some drugs,
like lidocaine, decrease the pacemaker current (ir) and in
this way could decrease the likelihood that Purkinje fibers
in the peri-infarct zone would be induced to generate pre-
mature impulses either by current between them and the
cells in the ischemic zone or by the effect of locally released
norepinephrine. However, even if an antiarrhythmic drug
does not directly decrease the Purkinje fiber pacemaker cur-
rent, it can still slow or abolish normal automatic impulse
generation by another mechanism. A drug of this sort is
ethmozine (19). Ethmozine does not modify the slope of
phase 4 depolarization in normal Purkinje fibers. It does,
however, block fast inward channels in a dose- and use-
dependent manner. The partial block of fast channels shifts
the threshold potential to more positive voltages, decreasing
the probability that phase 4 depolarization will attain thresh-
old value (Fig. 2) and generate a new impulse.
Effect on abnormal automaticity. If premature im-
pulses or sustained tachycardia result from abnormal au-
tomaticity, the response to antiarrhythmic drugs will vary
in relation to the maximal diastolic potential of the automatic
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Figure 1. Records from the in situ feline heart during ventricular
fibrillation induced by electrical stimulation during the vulnerable
period. Upper trace shows the electrocardiogram and the lower
trace shows transmembrane potentials recorded from a subepi-
cardial fiber. Records obtained soon after the onset of fibrillation.
See text for discussion.
cells. Nevertheless, some generalizations are possible. Be-
cause the membrane ionic currents that cause automatic
firing in partially depolarized cells are different from those
responsible for normal automaticity of Purkinje fibers, the
automatic rhythm will respond to drug actions that modify
these currents rather than the pacemaker current (ir). If max-
imal diastolic potential is less than -55 mY, the phase 4
depolarization causing automatic firing is caused mainly by
the decay of the repolarization current (iK ) (formerly ix) and
the activation of the slow inward current (is.) (20). Any net
inward current in fast channels, such as window current
(21), will contribute to the phase 4 depolarization. Paren-
thetically, this type of automatic rhythm will be influenced
by electrotonic currents just as is normal automaticity.
Figure 2. Effects of ethmozin (4 mg/liter) on normal automaticity.
Control record ([KCl] = 2.7 mM) in panel A. Panels H,C and D
show traces at 3, 15 and 23 minutes, respectively, of administration
of ethmozin (4 mg/liter). Washout of drug began at 30 minutes.
Panels E, F and G show traces after 14, 20 and 30 minutes of
washout, respectively. Zero potential reference marks at the left
of each panel; time and voltage calibrations at lower right. (Re-
produced with permission from [19].)
To the extent that sodium current contributes to the slope
of phase 4 depolarization, any drug that causes appreciable
block of fast inward channels will cause slowing of a rhythm
due to abnormal automaticity. Drugs like lidocaine that block
the pacemaker current may not be particularly effective,
whereas drugs like ethmozine that do not influence the slope
of phase 4 depolarization in normal Purkinje fibers may
cause marked slowing (Fig. 3). The mechanism for this
action has not been determined. In studies on abnormal
automaticity of Purkinje fibers in vitro, blockers of slow
inward current can be quite effective when maximal diastolic
potential is less than -55 mY and, as a result, the action
potential generated by the automatic fibers depends on the
slow inward current (iSI) (Fig. 4). When maximal diastolic
potential is more negative and sodium current contributes
to the action potential upstroke, drugs that block iSI are less
effective in slowing the abnormal automatic rhythm. Be-
cause some drugs that block slow inward channels show
marked use dependence (22) and others do not, the ability
of these agents to modify abnormal automatic rhythms will,
in part, be a function of the rate of dissociation of the drug
from blocked channels and the rate of the rhythm. This
problem has not yet been studied systematically.
Block of fast and slow channels in ischemia and in-
farction. Ischemia and infarction can give rise to delayed
afterdepolarizations and triggered rhythms and this mech-
anism permits an additional set of antiarrhythmic actions.
Delayed afterdepolarizations result from calcium overload,
which can result from many factors. Perhaps the most im-
portant factor in relation to ischemia is impaired extrusion
of intracellular sodium. As intracellular sodium concentra-
tion increases, less calcium is removed from the cell by
sodium for calcium exchange. In principle, a drug action
that decreased either sodium or calcium influx would di-
minish or abolish delayed afterdepolarizations. Thus, local
anesthetics like lidocaine, by causing partial block of fast
channels, would decrease the sodium influx during each
action potential, and slow channel blockers like verapamil
would decrease the influx of calcium with each action po-
tential. Both drugs terminate rhythms triggered by delayed
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generation and thus conduction and the ability to alter the
duration of refractoriness and the period of absent or reduced
responsiveness. Some antiarrhythmic drugs, like quinidine,
Figure 5. The local anesthetic effects of benzocaine. A control
inactivation curve was first detennined by varying [K+]o in steps
from 2.7 to 12 roM, noting Vmax and corresponding membrane
activation voltage (MAV) values (e). This sequence then was
repeated after equilibration with benzocaine (2 x 10-4 M) which
caused a reversible shift of the inactivation curve in a hyperpo-
larizing direction. Shortening the basic cycle length (BCL) from
> 1 ms (e,O) to 250 seconds (A,6) results in slight reductions
of Vmax of similar magnitude during superfusion with either ben-
zocaine (open symbols) or drug-free Tyrode's solution (closed
symbols). (Modified from [26] by pennission of the American
Heart Association, Inc.)
~
12.5 sec
Figure 4. Subthreshold oscillations after exposure to nifedipine.
Upper left, Records for fiber in Tyrode's solution containing Ba2 +;
upper right, arrest of activity by nifedipine, 200 J,tg/liter. The
drug was washed out for 120 minutes, and the sequence repeated
with 100 J,tg/liter (lower panels). Spontaneous activity was re-
stored after the first period of exposure to nifedipine using extra-
cellular stimulation. Zero potentials are at left, voltage calibration
is at right, and time calibration for right and left panels appears
below them. (Reproduced with pennission from Dangman KH and
Hoffman BF. Effects of nifedipine on electrical activity of cardiac
cells. Am J Cardiol 1980;46:1059-67.)
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after depolarizations (23). Because the net influx of both
sodium and calcium/unit time is also a function of the num-
ber of action potentials, a decrease in heart rate also would
tend to terminate a triggered rhythm. However, norepi-
nephrine, by directly increasing the slow inward current (isi)
and heart rate, would enhance triggering. Finally, among
many other factors it is important to remember that if local
anesthetic antiarrhythmic drugs shift the threshold potential
to a less negative value, the delayed afterdepolarizations
may fail to initiate an action potential. This effect is analo-
gous to the condition described earlier for normal automatic
rhythms.
Effect on action potential generation, conduction and
refractoriness. The remaining actions of antiarrhythmic
drugs to consider are the ability to impair action potential
C 0
O_UllliJlilll O-~~UlLEthmazin2 mglL
Figure 3. Effects of ethmozin on nonnal automaticity and phase
4 depolarization. Panels at left show spontaneous activity and
panels at right show paced beats (cycle length, 4 seconds) in the
same preparation. Control records ([KCI] = 2.7 mM) in panels
A and B. Effects of ethmozin (2 mg/liter), 30 minutes, in panels
C and D. Effects of 20 and 33 minutes of 4 mgJliter of ethmozin
in panels E and F, respectively. The second action potential in
panel E was the last spontaneous beat to occur. Pacing at 4 second
cycle length began 30 minutes after the start of administration of
ethmozin (4 mg/liter). Effects of ethmozin washout for 30 minutes
in panels G and H. Zero reference potential is shown at left of
each pand, voltage calibration at lower right. Time bars are shown
below each column of panels. Action potential amplitudes are
truncated here and in Figure 2 because records were taken on a
Gould 2400 per recorder with limited frequency response. (Re-
produced from [18].)
Spontaneous
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directly decrease the repolarizing current (iK) (24), thus
prolonging action potential duration and refractoriness. Oth-
ers, like lidocaine, instead decrease action potential duration
by blocking inward sodium channels. All the local anesthetic
antiarrhythmic drugs share this ability to block fast sodium
channels and, in this manner, reduce excitability and slow
conduction. They differ in terms of the kinetics of drug
interaction with the sodium channels and the relative affinity
for resting, open (or activated) and inactivated channels
(25). For the most part local anesthetic antiarrhythmic drugs
do not bind to resting channels but do bind when the channel
changes into either the open or inactivated state. This aspect
of their action is referred to as use-dependent or activity-
dependent block. The drugs usually combine rapidly with
and dissociate much less rapidly from the channels. Thus
at a low heart rate there may be very little block just before
each action potential, but at a rapid rate the cycle length is
not sufficient to allow the drug to dissociate from inacti-
vated, blocked channels. Some block persists throughout
phase 4 and the degree of block increases after each action
potential to a steady state determined by the drug concen-
tration, the rate constants for association and dissociation,
the action potential duration and the cycle length.
Action of local anesthetic antiarrhythmic drugs. In
the simplest scheme for a drug like lidocaine, which binds
preferentially to inactivated channels but dissociates from
them rapidly on repolarization, the following antiarrhythmic
action is assumed. During sinus rhythm there is virtually
no effect on the action potentials or conduction. A premature
impulse will be influenced, however, if it occurs during
phase 3 or early during phase 4 when some channels are
still blocked. With the onset of a rapid tachycardia, block
of fast channels will increase rapidly and impair impulse
transmission. In a reentrant rhythm this degree of block
might be sufficient to prevent impulse propagation in the
path for circus movement. After termination of the rapid
rhythm the initial conditions would be restored within a few
beats. Other drugs, like disopyramide and ethmozine, dis-
sociate much less rapidly from blocked channels. Thus they
can slow impulse propagation and increase QRS duration
during slow rhythms and, during a rapid rhythm of rapid
onset, will not attain a new, increased level of block nearly
as rapidly as lidocaine. However, because they cause some
"tonic" block, some drug effect is present at all times.
Beneficial properties of local anesthetic antiarrhyth-
mic drugs. These properties of local anesthetic antiarrhyth-
mic drugs (high affinity for inactivated channels, use de-
pendence) can be beneficial in certain circumstances. Also,
they can be responsible for differences in the intensity of
drug effect on normal and partially depolarized tissues. All
local anesthetic antiarrhythmic drugs cause an apparent shift
in the relation between membrane potential and inactivation
of fast channels (Fig. 5). Also, the rate of dissociation of
the drug from blocked channels is a function of membrane
potential (26). At less negative potentials, recovery from
block is slower. If reentrant excitation were to occur in
partiallY depolarized tissues, these two properties might be
impulse generation would be more intense in the partially
depolarized zone and thus impulses might block rather than
establish a reentrant rhythm. Also, the duration of the period
of reduced responsiveness would be more prolonged in the
partially depolarized zone than in normal fibers. This might
prevent premature impulses from propagating into the par-
tially depolarized zone and initiating reentrant excitation.
Role of antiarrhythmic drugs in predisposing to fi-
brillation during acute ischemia. Unfortunately these same
properties of the local anesthetic antiarrhythmic drugs can
create the conditions we have judged important in predis-
posing to fibrillation, that is, local differences in the safety
factor for conduction and in refractoriness or the duration
of the period of reduced responsiveness. This problem may
be particularly important during acute ischemia. With the
onset of ischemia, extracellular potassium increases quite
markedly in the ischemic zone and causes a decrease in
resting potential. In the absence of a drug, the decrease in
resting potential will maintain some sodium channels in the
inactivated state and thus impair impulse generation and
conduction. The elevated extracellular potassium will de-
crease action potential duration, but the reduced resting
potential will slowly recover from inactivation. The net
change in duration of the period of reduced responsiveness
may not be large, or reduced responsiveness may greatly
outlast the action potential.
In the presence of certain local anesthetic antiarrhythmic
drugs, however, the conditions may be quite different. The
potassium-induced decrease in resting potential will cause
much more block of fast channels than is present in non-
ischemic areas. This may be sufficient to greatly slow im-
pulse propagation and to markedly reduce the safety factor
for propagation. In addition, the reduced resting potential
will slow recovery from block after each action potential
and cause a significant increase in the duration of refrac-
toriness and reduced responsiveness. Premature impulses
may fail to propagate and rapidly recurring impulses may
undergo varying degrees of block. Because the effects of
ischemia are not spatially uniform, the intensity of drug
effect will not be the same in all parts of the ischemic zone.
Thus, in the presence of certain antiarrhythmic drugs, acute
ischemia may be particularly likely to create conditions that
favor slow conduction, local block of impulse propagation,
fractionation of the wave front of impulse propagation, cre-
ation of multiple reentrant circuits and initiation of fibril-
lation.
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